After a lesion of the mature CNS, structural plasticity and functional recovery are very limited, in contrast to the developing CNS. The postnatal decrease in plasticity is correlated in time with the formation of myelin. To investigate the possible role of an important myelin-associated neurite growth inhibitor (NI-250; IN-1 antigen), one pyramidal tract of adult Lewis rats was lesioned (pyramidotomy), and the rats were treated with the antibody IN-1, a control antibody, or no antibody. Functional recovery was studied from postoperative day 14 until day 42 using a food pellet reaching task, rope climbing, and a grid walk paradigm. The corticofugal projections to the red nucleus and basilar pontine nuclei were analyzed after survival times of 2 and 16 weeks.
Functional and anatomical repair of the injured adult C NS is very limited (for review, see Donoghue, 1995 Donoghue, , 1997 Schwab and Bartholdi, 1996) . In contrast, neuroanatomical plasticity, or the restructuring of neural connections in response to lesions of the CNS, is a well documented phenomenon in the neonatal age group. After unilateral neonatal pyramidotomy in rodents, corticoefferent fibers from the same side as the lesion were found to cross the midline to form new connections with medullary nuclei and to descend to spinal cord levels . Evidence that new neural connections occur after perinatal brain damage in children is supported by several clinical studies (Farmer et al., 1991; C arr et al., 1993; C ao et al., 1994) . Structural neuroplasticity is thought to play an essential role in recovery of function, because animals sustaining C NS lesions at a young age are known to recover much better than those sustaining similar lesions at maturity (Kennard, 1936 (Kennard, , 1938 Whishaw and Kolb, 1988; Armand and Kably, 1993) .
The lack of large scale remodeling after adult C NS lesions is not well understood, but may be attributable to several reasons, including a limitation of adult neuronal growth potential, a lack or decrease in trophic factors or guidance molecules, or the presence of growth inhibitory molecules. In this regard, limits on the capacity for mature CNS plasticity may be similar to those recently identified for CNS regeneration, for which inhibitory signals present on CNS myelin have been shown to play a crucial role (for review, see Schwab and Bartholdi, 1996) . These specific proteins (NI-35 and NI-250) induce long-lasting growth cone collapse and inhibition of neurite growth in vitro (Caroni and Schwab, 1988a; Bandtlow et al., 1990) . Neutralization by the specific monoclonal antibody (mAb) IN-1 allowed neurites to grow over myelin or cultured oligodendrocytes (Caroni and Schwab, 1988b) . In vivo experiments in rats resulted in longdistance regeneration of lesioned corticospinal tract (CST) fibers Schwab, 1990, 1993; Schnell et al., 1994) and partial recovery of locomotor function after spinal cord injury (Bregman et al., 1995) . The role of myelin inhibitory factors in structural plasticity of the CNS is less clear. In experimentally induced myelin-free spinal cord segments, dorsal root fibers sprouted into vacated territory after sectioning neighboring roots (Schwegler et al., 1995) , and after unilateral pyramidotomy the remaining CST sprouted across the spinal cord midline in young adult rats (Vanek et al., 1998) .
We questioned whether mAb IN-1 application can enhance plasticity of intact projections and functional recovery after unilateral pyramidotomy. Rats were tested in a skilled forelimb reaching task, which is known to depend on an intact CST (Castro, 1972; Whishaw et al., 1993) . Rope climbing and grid walk were used to measure grip strength and limb coordination.
Our behavioral results demonstrate a very high degree of functional recovery in all of these tasks. The anatomical studies revealed a new bilateral innervation to the nucleus ruber and the basilar pontine nuclei by intact corticof ugal fibers after blockade of the myelin-associated neurite growth inhibitors with the mAb IN-1. These results reflect a degree of f unctional recovery and anatomical plasticity after adult C NS lesion that has been previously observed only after perinatal lesions.
MATERIALS AND METHODS
Sixty-two adult Lewis rats of either sex ranging in age from 45 to 120 d and in weight from 160 to 430 gm were used. The animals were divided into the following groups: (1) lesion and no antibody treatment [n ϭ 16; pyramidotomy (P T) only]; (2) lesion and I N-1 antibody treatment (n ϭ 16; P TϩmAb I N-1); 3. lesion and control antibody treatment (n ϭ 16; P T ϩ anti-HRP); (4) no lesion and no antibody treatment (n ϭ 6; anatomy); (5) sham lesion and I N-1 antibody treatment (n ϭ 4; mAb I N-1 only); and (6) sham lesion and control antibody treatment (n ϭ 4; anti-HRP only).
In 24 animals the corticof ugal anatomy was analyzed 14 d after lesion. The other 38 animals were part of a behavioral study and survived for 16 weeks. For statistical purposes the sham-lesioned either mAb I N-1-or control antibody-treated animals were not distinguished during behavioral testing and were analyzed as a single group (sham-operated, antibody only). The experimental animals were identified by code numbers, and investigators were blind to the treatment groups. All animal experiments were performed under supervision of the cantonal veterinary department of Zurich.
P yramidotomy
A unilateral pyramidotomy at the level of the caudal medulla oblongata was performed in 48 animals ( Fig. 1 ; groups 1, 2, and 3) to lesion selectively the fibers of the C ST Vanek et al., 1998) . Briefly, animals were pretreated with atropine (0.025 mg, i.p.; Sintetica S.A., Mendrisio, Switzerland) and anesthetized with ketamine [100 mg / kg body weight, i.p. (Ketalar, Parke-Davis); additional doses of ketamine were given (10 mg, i.m.) whenever necessary, depending on the reflex status of the animal] and fentanyl (0.002 mg / kg, i.p.; Hypnorm, Janssen, Buckinghamshire, England). The animals were placed in the supine position, and we used a ventral approach to expose either the right (animals that survived 14 d) or the left (animals that were part of the behavioral study) medullary pyramid by opening the bone overlying the pyramidal tract. The dura was opened, and the pyramid was cut 1.5 mm rostral to the decussation with a sharpened no. 11 scalpel blade. The lesion was covered with gelfoam, and the wound was sutured close. After surgery, all animals received midazolam (0.1 mg / kg, i.p.; Dormicum, Roche, Basle, Switzerland) and were kept warm on a heating plate until they were f ully awake. Eight animals (groups 5 and 6; sham-operated) underwent the same surgical procedure, including the incision of the dura, except that no lesion was performed.
In 12 animals (groups 1, 2 and 3; four animals out of each group) that underwent behavioral testing, a second lesion of the left medullary pyramid was performed 2 weeks after the last testing period. Therefore the same surgical procedure was used as described above, with the difference being that the left pyramid was re-exposed and cut 1 mm rostral to the previous lesion.
Antibody application
Antibody-secreting hybridoma cells were raised by immunization of mice with N I-250 (C aroni and Schwab, 1988b) . These mouse hybridoma cells produce an Ig M antibody against the rat neurite growth inhibitory proteins N I 35/250. Monoclonal control antibodies against horseradish peroxidase (anti-HRP, antibody without inhibitory effect on HRP enzymatic activity) were generated from the same parent myeloma line (P3U; Schnell and Schwab, 1990) . To achieve a constant antibody supply, living hybridoma cells were implanted into the C NS. Before implantation, hybridoma cells were tested for inhibitor neutralizing activity in a bioassay using neurons or fibroblasts on a myelin -protein substrate (Rubin et al., 1995) and were also tested for Ig M production by FI TC -coupled anti-mouse antibodies. A cell suspension (6 l) containing a total of 10 5 cells was injected stereotaxically with a Hamilton syringe into the hippocampus of the side opposite the lesion (coordinates: 4 mm caudal, 5 mm lateral to bregma, and 5 mm deep). This location was chosen to avoid damage to motor systems by the injection or growth of the cells and to be as close as possible to the ventricular system.
Medical treatment
One day before pyramidotomy, all animals received an injection of cyclosporin A (10 mg / kg, i.p.; Sandimmun, Novartis, Basle, Switzerland), and an antibiotic regimen was begun with Co-trimoxazol (0.83 ml / kg, i.p.; Bactrim, Roche). Animals received daily cyclosporin A injections and twice-a-day antibiotic injections for 8 d (animals that underwent behavioral testing) or 14 d (other animals). Using cyclosporin A as an immunosuppressant, the hybridoma xenograft was not rejected, and delivery of antibody was ensured. All animal groups received exactly the same medical treatment.
Behavioral procedures
During the behavioral testing period, the animals were housed in cages of three to five individuals. A 12 hr light /dark cycle was maintained, starting at 7 A.M. During the entire experimental period the animals received water ad libitum. Before testing, the animals were reduced to ϳ90% of their original body weight by maintaining them on a restricted diet for all testing days.
All animals were trained up to 3 weeks preoperatively, and final baseline measurements were recorded. The results of the last session of the preoperative testing were defined as baseline measurements. After completion of preoperative testing, the rats underwent unilateral pyramidal tract section or sham operation and, depending on the experimental group, antibody treatment. To allow for postoperative recovery and because of essential daily cyclosporine A and antibiotic treatment, the postoperative testing sessions started 2 weeks after surgery. Testing Figure 1 . Scheme of the corticof ugal projections from the primary motor cortex to the nucleus ruber, to the basilar pontine nuclei, and to the spinal cord with the cortical BDA tracer injection site and the lesion site (arrow). The insert in the top lef t corner indicates the levels of the cross sections.
sessions were performed once daily at the same time of day, 5 d a week for 4 weeks in the food pellet reaching, rope climbing, and grid walk paradigms with an interval of 1 hr resting time between each task. Video recordings (25 frames/sec) for all tests were made in weekly intervals on days 15, 21, 28, 35, and 42 postoperatively. For animals that underwent a second lesion of the pyramidal tract, the last testing session (postoperative day 42 after first lesion) was taken as new baseline measurement. These animals were also allowed to recover for 2 weeks after the second lesion before they were retested for 2 weeks.
Food pellet reaching task . This paradigm was performed as described by Kartje-Tillotson and C astro (1980) , using a transparent Plexiglas chamber (30 ϫ 36 ϫ 30 cm) with a rectangular opening (1.5 ϫ 3 cm) in the front wall on the left side. A smooth Plexiglas shelf was attached outside underneath the rectangular opening. Small round food pellets (45 mg; Bilaney Consultants, Frenchtown, NJ) were placed one after the other onto the shelf, at a distance of 1.5 cm from the opening. A plastic bar between the shelf and the opening prevented scooping of pellets. Thus, animals were forced to grip and carry the pellets into the testing chamber. The position of the opening on the left side biased animals to use the right, i.e., impaired forelimb.
During preoperative training, rats were placed in the testing chamber for 30 min a day until they learned to reach through the opening for food pellets and grasp and eat them. In the 20-pellet paradigm, which was performed daily, the animal had to obtain 20 pellets, which were stabilized on the smooth surface of the shelf. The parameters that were measured included (1) the amount of time it took to obtain all 20 pellets, (2) the success rate, i.e., the number of pellets grasped and placed into the mouth, and (3) the maximal number of attempts to obtain one pellet. An attempt was recorded if the rat extended its forelimb through the opening. If animals used the ipsilateral limb for reaching or did not start to reach at all, a maximum time of 5 min was given before the session was finished.
Qualitative measurements from video recordings were obtained as subjective disability scores, as modified from Whishaw et al. (1993) . The parameters that were analyzed were (1) aim, (2) advance, (3) digits open, (4) pronation, (5) grasp, (6) supination, (7) food release, (8) movement initiation, and (9) movement stop.
Each of these movements was rated on a four-point scale: 0 for normal movements in Ͼ95% of the observations; 1 for movements that appeared slightly abnormal in Ͻ50% of the observations; 2 for abnormal movements in Ͼ50% of the observations; or 3 for no movements or if other parts of the body compensated for movements.
Rope climbing. This test served to examine the grip strength of both forelimbs and hindlimbs and the coordination between the limbs. The ability of the animals to climb a 160-cm-long vertical rope of 4 cm diameter to reach a platform (C arlini et al., 1967) was tested. The number of foot slips of the affected forelimb and hindlimb was counted (total number of foot slips/total number of steps). The time to climb the rope was recorded to standardize the climbing speed. No reinforcement was given. This test was performed only until postoperative day 21, because error rates increased with body weight.
Grid walk . Coordination between forelimbs and hindlimbs and accurate limb placement were examined by assessing the ability to cross a 1-m-long runway of metal grid bars with randomly assigned gaps, changing from session to session and ranging from 1 to 5 cm (modified from Kunkel-Bagden et al., 1993) . The performance of each animal was analyzed by counting the number of errors in foot placement for the impaired and the unimpaired side (total number of errors/total number of steps). The time to cross the grid was also recorded. No reinforcement was given.
Statistical anal ysis. Analysis of behavioral data was performed with a StatView 4.53 statistical package (Abacus Concepts, Berkeley, CA). For comparison of the means within one session, a one-way ANOVA was used for parametric data (time measurements), and a Kruskal -Wallis test was used for nonparametric data (number of errors and attempts, success rates). Differences were investigated f urther using Scheffe's test or a Wilcoxon signed rank test, respectively. For the latter, a p value Ͻ0.05/number of samples (Bonferroni correction) was chosen as a significance level.
For comparison between the same experimental units, i.e., between baseline and postoperative testing, a paired t test for parametric data and a Wilcoxon signed rank test for nonparametric data were used. All data are presented as means Ϯ SEM.
Tracing
In all animals the caudal forelimb area of the primary motor cortex of the hemisphere corresponding to the lesioned pyramidal tract was traced with the anterograde tracer biotin dextran amine (BDA) (10,000 molecular weight; Molecular Probes, Eugene, OR). In the group of animals that survived 14 d, this area was identified by intracortical microstimulation, and BDA was applied iontophoretically just before the pyramidotomy. The animals that were used for behavioral testing were traced after the last testing period. These animals were pressure-injected with BDA into the caudal forelimb area.
Identification of forelimb primar y motor corte x using intracortical microstimulation. Animals were anesthetized with ketamine and secured in a stereotaxic frame, and a right craniotomy was made to expose the sensorimotor cortex. The dura was covered with mineral oil, and to prevent cortical swelling the cisterna magna was cannulated. Five lowthreshold points in the previously described caudal forelimb area Rouiller et al., 1993) of the primary motor cortex were identified using low-impedance tungsten microelectrodes. Stimulation was applied with a train duration of 60 msec (0.2 msec pulses and 2.8 msec delay) at a depth of 1.5-2.0 mm. In a systematic grid-like pattern, the motor cortex was mapped, and evoked movements were visually recorded according to type of movement, laterality, depth of best response, and threshold (i.e., lowest possible current that evoked a visible movement). With this paradigm, current thresholds were primarily below 12 A (lowest thresholds were 6 A). To prevent cortical damage, the applied current was never higher than 25 A.
Iontophoretic tracing. To precisely label the projections from the forelimb motor cortex, BDA was delivered iontophoretically (Graybiel and Devor, 1974) . Micropipettes with a tip diameter of 20 m were filled with a 10% BDA solution in 0.01 M phosphate buffer, pH 7.2. In each animal the five points that elicited the lowest threshold forelimb responses were injected stereotaxically at the exact depth defined by intracortical microstimulation. Positive current of 5 A was applied (7 sec pulses every 14 sec) over 15 min using a constant current source. After this procedure the dura was covered by gelfoam, the skull was closed with dental cement, and the skin was sutured.
Tracing by pressure injection. Animals were secured in a stereotaxic frame, and a left craniotomy was made to expose the cortex ipsilateral to the pyramidal lesion. A 5 l Hamilton syringe fitted with a glass micropipette with an opening diameter of 50 m was filled with a 10% BDA solution in 0.01 M phosphate buffer, pH 7.2. A single injection of 0.5 l BDA solution was made into the area corresponding to the forelimb according to the earlier experiments (0.5 mm rostral and 2.5 mm lateral from bregma at a depth of 1.5 mm). After this procedure the dura was also covered by gelfoam, the skull was closed with dental cement, and the skin was sutured.
BDA histochemistry
After a survival period of 2 weeks after injection of BDA, all animals were deeply anesthetized with pentobarbital (450 mg / kg, i.p.; Nembutal, Abbott Laboratories, Cham, Switzerland) and perf used transcardially with Ringer's solution containing 100,000 I U/ l heparin (Liquemin, Roche) and 0.25% NaNO 2 followed by the fixative (4% paraformaldehyde in 0.1 M phosphate buffer with 5% sucrose). The brains and upper spinal cords were removed, post-fixed overnight, and then transferred to a 30% sucrose solution for 3 d. The tissue was embedded in a gelatinchicken albumin solution polymerized with 25% glutaraldehyde and immediately frozen by immersion (in Ϫ40°C cold isopentane); 50-mthick sections were cut on a freezing microtome. The sections were collected in a solution of 50 mM Tris-buffered 0.9% saline, pH 8.0, with 0.5% Triton X-100 (TBST-X), and then serially mounted on superfrost slides (Menzel-Gläser) according to the semi-free-floating technique of Herzog and Brösamle (1997) . Slides were washed for 30 min three times in TBST-X before incubation overnight with an avidin -biotin -peroxidase complex diluted in TBST-X (ABC elite; Vector Labs, Burlingame, CA) according to the instructions of the manufacturer. The following day the slides were washed again and preincubated for 10 min with 0.4% ammonium nickel sulfate (Sigma, St. L ouis, MO), followed by a second preincubation with 0.4% ammonium nickel sulfate and 0.015% 3.3Ј-diaminobenzidine (DAB) (Sigma, Buchs, Switzerland). The tissue was then reacted in 0.4% ammonium nickel sulfate, 0.015% DAB, and 0.004% H 2 O 2 in 50 mM Tris buffer, pH 8. The process was stopped by washing. The sections were air-dried, lightly counterstained with cresyl violet, and coverslipped with Eukitt (K indler, Freiburg, Germany). The presence of the antibody-producing hybridoma xenografts was checked macroscopically.
Neuroanatomical analysis
The corticof ugal projections to the ipsilateral and contralateral nucleus ruber, separated for the parvocellular and magnocellular parts, and to the ipsilateral and contralateral basilar pontine nuclei were analyzed quantitatively. For all analyses the slides were coded and the investigator was blinded as to the treatment group under analysis. All of the brain areas that were studied were identified with the atlas of Paxinos and Watson (1986) . In each animal the lesion site was examined on coronal or longitudinal sections of the medullary pyramid. In some animals the BDA injection sites in the cortex were also examined on cross sections of the primary motor cortex for location, depth, and area of tracer spread.
Quantification of CST labeling. To take into consideration the possible interanimal differences in BDA tracing, the number of labeled fibers in the cerebral peduncle ipsilateral to the injection site was estimated for each animal. The same midpontine level was chosen for each animal, and two consecutive sections per animal were analyzed. Electronic images were acquired with a X illix Microimager slow-scan, high-resolution CCD camera attached to a Z eiss axiophot microscope. First, the area of the cerebral peduncle was measured by using a 10ϫ objective and the MCI D-Programe (M2-Analyzing Programe, Imaging Research, Ontario, C anada). Then a square of 2975.5 m 2 was placed four times in a systematic way over the area of the peduncle, and the BDA-positive fibers within these squares were counted at a magnification of 320ϫ. This area corresponded to ϳ3% of the total cerebral peduncle cross section. The four values were averaged, and the total number of BDA-positive fibers was extrapolated for each section. The values obtained from the two consecutive sections were averaged.
Quantification of corticorubral and corticopontine projection. The corticof ugal innervation from the primary forelimb motor cortex to the nucleus ruber and the pons contralateral to the injection site was analyzed by counting all BDA-positive fibers crossing the midline on each section. To correct for the interanimal differences in section number comprising the red nucleus and the pons, the analyzed total number of sections studied for each animal was randomly reduced to that of the animal with the smallest number of sections. To correct for the differences in the tracing, the number of the BDA-positive, midline-crossing fibers was divided by the total number of labeled C ST fibers (calculated as described above). The experimental groups were compared statistically using the ANOVA test.
The density of innervation of the ipsilateral and contralateral basilar pontine nuclei was determined densitometrically. We used a X illix Microimager to acquire electronic images at a rostral, middle, and caudal level of the pons. Densitometric measurements were performed with the MCI D-Programe (M2-Analyzing Programe, Imaging Research Inc.) by outlining the labeled areas of the contralateral and ipsilateral sides. A background correction was performed (unlabeled, neighboring areas), and a ratio of ipsilateral versus contralateral side was calculated in percent. In addition, the densitometric values obtained from the ipsilateral side, normalized by division through the amount of BDA-positive fibers to eliminate variations in tracing, was calculated. Statistical significance was assessed with the ANOVA test.
RESULTS

Lesion site
In all animals the lesion sites were located just ventral to the inferior olive at the caudal end of the medulla oblongata ( Fig.  2 A,B) . The cut transected the superficially located pyramidal tract unilaterally without touching the inferior olive and the medial lemniscus. Transitory effects of the lesion on these deeper structures attributable to edema or inflammation cannot be excluded, however. In all animals C ST fibers were seen to retract rostrally from the lesion site and to form retraction bulbs. In control animals almost no local sprouting was seen (Fig. 2C) , whereas in I N-1 antibody-treated lesioned animals, massive local fiber outgrowth toward the deeper brainstem structures could be observed (Fig. 2 D) . Some fibers could be seen to cross or bypass the scar; these fibers were considered to be regenerated CST fibers (O. Raineteau, W. J. Z'Graggen, M. Thallmair, and M. E. Schwab, unpublished observations).
The lesion site of animals that underwent a second lesion was located 1 mm rostral to the first and showed similar findings (Fig. 2 A) .
Antibody treatment
The antibody-producing hybridoma cells implanted in the hippocampus formed small, local cell aggregates in the tissue and the lateral ventricle. Staining with labeled anti-mouse antibody showed high levels of mouse antibodies in the vicinity of the transplants, strong staining of the brain surface and the ventricles, and a gradient of staining into the CNS tissue including the ruber nuclei and the pons. These results were confirmed by ELISA tests (data not shown).
Behavioral tasks Food pellet reaching task
Quantitative analysis of reaching: time, number of attempts, and success rate. The time to grasp 20 stabilized pellets from the shelf was recorded (Figs. 3, 4 A) . The preoperative baseline measurement showed no differences between the future surgical groups: the mean time to grasp and eat 20 pellets was 75 sec. Forty-two days after operation, the lesion-only as well as the anti-HRPtreated, lesioned animals showed a large increase in time measurements, to a mean of 150 sec (Fig. 4 A) . In contrast, the values of lesioned and mAb IN-1-treated animals (75 sec) were indistinguishable from the preoperative values and sham-operated animals.
The number of attempts, indicated by extension of the impaired forelimb through the opening (Fig. 3 ) to obtain one pellet in the 20-pellet paradigm, is illustrated in Figure 4 B. Relative to baseline measurements (1.5 attempts per pellet), the number of attempts increased to five per pellet in lesion-only animals and to 4.5 per pellet in anti-HRP-treated, lesioned animals at 42 d after surgery. In contrast, the mAb IN-1-treated, lesioned animals grasped a pellet after two attempts, which is not significantly different from preoperative values or sham-operated, antibodytreated animals (Fig. 4 B) . A time course in weekly intervals (Fig.  4C) shows a significant difference of lesion-only or anti-HRPtreated, lesioned animals 2 weeks after operation compared with baseline or sham-operated, antibody-treated, or mAb IN-1-treated, lesioned animals. This difference persisted throughout the entire testing period.
The number of pellets grasped and eaten (excluding dropped and lost ones) was defined as the success rate in the 20-pellet task. The preoperative success rate was 19 out of 20 pellets for all groups (Fig. 4 D) . Postoperative success rates 42 d after operation were decreased significantly to ϳ16 pellets in the lesion-only and anti-HRP-treated, lesioned rats. In contrast, mAb IN-1-treated, lesioned animals again showed normal values for the success rate, identical to baseline values and sham-operated, antibody-treated controls.
Qualitative analysis of movement components. Nine specific movement components were assessed from video recordings using the previously described four-point disability score system (Whishaw et al., 1993) . The ratings of seven individual acts comprising a reaching movement 42 d after operation are represented in Figure 5A . The components of digit opening and pronation were not affected by the lesion and therefore are not shown. The lesion-only and anti-HRP-treated, lesioned animals showed persistent impairment of initiation of the movement, aiming, advance, grasp, supination, food pellet release, and stop of the movement. Lesion-only and anti-HRP-treated, lesioned animals manifested a hesitation or even complete inability of movement initiation. In the aiming and advance components, these animals revealed ataxia and showed a reduced extension of the impaired forelimb. In supination, food pellet release, and movement stop, both groups again showed high impairment scores. The inability to stop movements appropriately was evidenced by difficulties in bringing the paw to the mouth. This deficit was compensated by different strategies, mainly head movements following the paw and turning to the impaired side to extract the pellet.
In contrast, mAb IN-1-treated, lesioned animals showed no deficits in movement initiation, aiming, advance, and grasp (Fig.  5A) . However, in supination, food pellet release, and movement stop, a permanent significant impairment occurred as compared with preoperative values and with sham-operated, antibodytreated animals. This impairment was significantly smaller than that of the other operated groups (Fig. 5A) .
The postoperative time course of the sum of all movement component scores is illustrated in Figure 5B . During the entire testing period the disability scores of lesion-only and anti-HRPtreated, lesioned animals were significantly higher than the values of sham-operated, antibody-treated animals. In contrast, mAb IN-1-treated, lesioned animals showed minor impairments compared with baseline and sham-operated animals. All groups showed small improvements over time within the testing period.
Rope climbing
Foot slips of the impaired forelimbs and hindlimbs that occurred during rope climbing were counted from videotapes and expressed as number of foot slips per step. In the baseline measurements of all groups, nearly no foot slips occurred (Fig. 6 A) . At postoperative day 21, anti-HRP-treated, lesioned animals made a mean of 4.5 foot slips per 10 steps as compared with 1 error per 10 steps in the sham-operated group (Fig. 6 A) . Lesioned and mAb I N-1-treated rats showed almost normal performance, statistically indistinguishable from that of sham-operated animals. Compared with baseline, all experimental animals made more foot slips in the postoperative testing sessions, possibly because of increased body weight.
Measurements of the time necessary to climb the rope showed no differences among the experimental groups, thus excluding influences of the climbing speed on the number of foot slips.
Grid walk
The performance of the animals on a grid runway with irregularly spaced bars, changing from test to test, was analyzed from weekly video recordings by counting the number of foot falls per step of forelimbs and hindlimbs of both sides. The results are shown in Figure 6 B. Before operation, the rats made Ͻ1 error per 10 steps. On postoperative day 42, lesioned and lesioned and anti-HRPtreated animals had a significantly increased error rate (approximately two errors/10 steps). Lesioned, mAb I N-1-treated rats, in contrast, showed normal error rates (mean of 0.9 errors/10 steps). The time measurements revealed no differences between the experimental groups, thus excluding influences of the walking speed on the number of foot falls.
Functional maintenance after relesioning
To analyze the possible contribution to functional recovery of fibers regenerated from the cut axons into the spinal cord, the already lesioned CST was transected a second time, 1 mm rostral to the first lesion. Two weeks later, animals were retested for food pellet reaching, rope climbing, and grid walk for another 2 weeks. The analysis of the final time measurements in the food pellet reaching task, 4 weeks after the second lesion, is illustrated in Figure 6C . In most measurements, lesion-only and anti-HRPtreated, lesioned animals revealed performance levels closely comparable to the performance at day 42 after the first lesion, i.e., before relesioning. The same occurred in mAb IN-1-treated, lesioned animals: no statistical difference in their performance before relesioning was observed. The measurements in the rope climbing and the grid walk test also reflected no loss of the functional recovery in the mAb IN-1-treated, lesioned group after the second lesion (data not shown). 
Neuroanatomical analysis Cortical injection sites
The examination of the injection sites showed the characteristic features of a BDA-injection site as described previously (Brandt and Apkarian, 1992; Jiang et al., 1993) , with some differences between iontophoretic injections and pressure injections. The five iontophoretic injections into the primary motor cortex resulted in a well localized, small deposition of the tracer with minor spread, centered in layer V of the primary motor cortex. More extensive spread into surrounding layers was seen after pressure injections, but not into the deep white matter or subcortical structures. The overall size of the labeled cortical areas was quite similar within the two methods. The iontophoretic injections after intracortical microstimulation were restricted to the caudal forelimb area of the primary motor cortex, with minor co-labeling of other areas, whereas BDA pressure injections may have resulted in some labeling of the neighboring face and hindlimb areas.
Tracing
The analysis of the cerebral peduncle at the pontine level showed a typical and consistent distribution of BDA-positive fibers within the peduncle on cross sections. Independent of the antibody treatment and the lesion, most of the labeled fibers were situated in the medial half of the cerebral peduncle, whereas only a minor part was seen in the lateral half, as described earlier (Mihailoff et al., 1978; Kosinski et al., 1986) . The average number of BDApositive fibers at midpontine level was 5280 (Ϯ336 SEM; n ϭ 24) for the animals traced by iontophoretic injections and was almost identical to the number in the pressure-injected group (5210 Ϯ 355 SEM; n ϭ 26).
Corticorubral projection
The anatomy of the ipsilateral corticorubral projection in all experimental groups showed a similar pattern. At midbrain levels, the labeled fibers left the cerebral peduncle on its dorsal aspect, passed the substantia nigra, where some fibers were observed to terminate and form bouton-like endings, and then turned sharply medial, toward the nucleus ruber. There, the fibers emanating from the cerebral peduncle were joined by fibers that had descended through the thalamus. As described earlier by others for the rat (Brown, 1974; Gwyn and Flumerfelt, 1974; Flumerfelt, 1980; Naus et al., 1985a,b) , the axons terminated primarily in the parvocellular part of the ipsilateral red nucleus, in the pararubral area, in the prerubral field, and around the fasciculus retroflexus. A few BDA-labeled fibers were also seen to terminate in the magnocellular portion of the ipsilateral nucleus ruber with bouton-like endings. In normal control animals, a few fibers crossed the midline and terminated in the contralateral nucleus ruber, primarily in the parvocellular region. Rats with pyramidal tract lesion and no treatment or control antibody treatment were indistinguishable from these normal animals (Fig. 7A,C) .
In the animals that underwent pyramidotomy and treatment with mAb IN-1, the same ipsilateral corticorubral projection pattern could be observed as in the control groups. In contrast to controls, however, significantly more BDA-positive fibers were seen to cross the midline and to innervate the contralateral nucleus ruber (Fig. 7B,D) . The counting of the midline crossing fibers showed 45-140 fibers in the control groups and 180 -230 fibers in the lesioned IN-1 antibody-treated group of animals. The number of each animal was divided by the total number of labeled CST fibers to correct for the differences in the tracing. The results are shown in Figure 8 . After a survival time of 2 weeks as well as after 16 weeks, the relative number of midline crossing fibers was much higher in the IN-1 antibody-treated groups than in normal animals, in sham-operated animals, or in lesioned and control antibody-treated rats. These crossing axons originated from the ipsilateral red nucleus or seemed to bypass it dorsally. Some of the fibers crossed the midline directly toward the contralateral nucleus ruber, whereas others crossed more dorsally in the central gray (Fig. 7B,D) . These axons ended in the area of the contralateral nucleus ruber, mainly in the parvocellular part; only a few axons seemed to end in the magnocellular part.
Corticopontine projection
The cortical projection to the ipsilateral pons from the forelimb area in all groups examined showed the typical topographical innervation pattern as described earlier (Mihailoff et al., 1978; Wiesendanger and Wiesendanger, 1982; Rouiller et al., 1993; Panto et al., 1995) . Labeled fibers running in the cerebral peduncle over the basilar pons left the peduncle ventrally and formed typical termination fields. At rostral levels, a dense termination field was observed centrally. At midpontine levels, this termination field was split into a small medial and lateral area. In addition, a new termination zone dorsal to the cerebral peduncle appeared. At caudal levels the termination zone enlarged again, and extensive labeling was observed in the medial, ventral, and lateral pons and around the ventral and dorsal aspect of the cerebral peduncle. In normal rats and in all the control groups a very minor contralateral component, mainly at midpontine to caudal pontine levels, was present.
Although the ipsilateral corticopontine projection was not distinguishable in all the treatment groups from that of normal, untreated animals (see Fig. 10C,D) , lesion and mAb IN-1 treatment resulted in a very marked increase in the density of innervation to the contralateral basilar pontine nuclei (Figs. 9B,D,  10 A,B) . Densitometry of the terminal fields showed a significant difference of the contralateral in relation to the ipsilateral fiber density: 26.3% (Ϯ2.6 SEM; n ϭ 5) in the lesioned IN-1 antibody- Figure 6 . A, Rope climbing. The animals had to climb a vertical rope. The number of foot slips per step was measured at baseline (Preoperative) and 21 d after the lesion (DPO21). This test revealed improved grip strength in mAb IN-1-treated animals as compared with lesioned control groups. B, Grid walk. The ability of the animals to cross a grid with randomly assigned gaps was recorded. The performance was analyzed in the ratio of the number of errors per step at baseline (Preoperative) and 42 d postoperatively (DPO42). Lesioned animals showed improved limb coordination and accurate limb placement after mAb I N-1 treatment. C, Food pellet reaching task. The time to grasp 20 stabilized pellets at day 42 after the first lesion (Test 1) and 4 weeks after relesioning the pyramidal tract slightly rostral to the first lesion site (Test 2). mAb I N-1-treated animals showed no impaired performance after the second lesion. AB only, Sham-operated with antibody treatment (n ϭ 8); PT onl y, lesion without antibody treatment (n ϭ 10; Fig. 6C, n ϭ 4) ; PTϩanti-HR P, lesion with control antibody treatment (n ϭ 10; Fig. 6C, n ϭ 4) treated animals compared with 14.6% (Ϯ2.6; n ϭ 5; p Ͻ 0.05 in ANOVA) in the control antibody-treated group after 2 week survival. After a 16 week survival time, similar results were obtained: 15.9% (Ϯ3.0 SEM; n ϭ 5) contralateral labeling in the IN-1 antibody-treated group compared with 3-6% in the different control groups (Fig. 10 A,B) . Interestingly, this increased bilateral projection remained precisely in the confines of the forelimb termination zones, thus reflecting the normal ipsilateral projection (Fig. 9E) . The differences of the percent values between the 2 week and 16 week groups are probably attributable to the slightly different labeling procedures used, as described above. Small differences in the topographical innervation pattern were also observed, depending on the tracing method.
Counting of the fibers crossing the midline divided by the total number of labeled CST fibers to correct for the interanimal differences in the tracing showed no differences at the rostral and midpontine levels but a significant increase in the caudal quarter of the pons: 327.1 ϫ 10 Ϫ4 (Ϯ33.2 ϫ 10 Ϫ4 SEM; n ϭ 6) in the mAb I N-1-treated group compared with 147 ϫ 10 Ϫ4 (Ϯ41 ϫ 10 Ϫ4 SEM; n ϭ 5; p Ͻ 0.05 in ANOVA) in the control antibodytreated group after 2 weeks; 506.5 ϫ 10 Ϫ4 (Ϯ78.2 ϫ 10 Ϫ4 , n ϭ 5) in the I N-1 antibody-treated group compared with 283.3 ϫ 10 Ϫ4 (Ϯ31.2 ϫ 10 Ϫ4 SEM; n ϭ 6; p Ͻ 0.05 in ANOVA) in the group treated with control antibody after 16 weeks. The fibers were seen to cross the midline either in the ventral part of the pons (white matter) or directly between the basilar pontine nuclei (gray matter). These data show an increase of corticopontine fibers crossing the midline and an increase in the density of terminal fibers in response to pyramidotomy and mAb I N-1 treatment.
DISCUSSION
The major findings of this study may be summarized as follows. The monoclonal antibody I N-1, which is known to neutralize a major component of the inhibitory activity of C NS myelin, resulted in a high degree of f unctional recovery in skilled forelimb movements and grip strength after unilateral pyramidotomy in adult rats. mAb I N-1 treatment also enhanced specific corticorubral and corticopontine plasticity in these rats. Thus, the hemicortex that had lost its access to the spinal cord by the lesion established a bilateral innervation of specific, anatomically correct parts of the red nucleus and the basilar pons.
mAb IN-1 treatment leads to almost complete functional recovery after pyramidotomy
Our results demonstrate almost f ull recovery in skilled forelimb movements after pyramidotomy and mAb I N-1 treatment. The overall time to grasp and eat 20 food pellets, the number of attempts to obtain one pellet, and the success rate in reaching normalized completely to preoperative values in these animals. In contrast, animals that underwent pyramidotomy without antibody treatment or animals with lesion and control antibody treatment were highly and permanently impaired in all these tests.
The qualitative analysis of the movement components during a reaching act showed almost f ull recovery in movement initiation, aiming, advancing, and grasp of a food pellet after mAb IN-1 treatment after lesion. In contrast, the movement components supination of the paw, digit extension for food release, and movement stop also remained impaired in the mAb I N-1-treated, lesioned animals, but the impairment was significantly smaller compared with lesioned control groups. mAb I N-1 treatment also led to recovery of grip strength during rope climbing in lesioned animals 21 d postoperatively (later time points gave aberrant results, especially in male rats, because of increased body weight).
All of the results from our control lesioned rats are well in line with the literature. Chronic impairments in complex digital functions and movement accuracy, changes in limb preference, and deficits in the ability to make rotary limb movements after unilateral pyramidal tract lesion were described in rats and hamsters (Castro, 1972; Reh and Kalil, 1982; Whishaw and Kolb, 1988; Whishaw et al., 1993) . In monkeys, deceleration of movements after a CST lesion, which induced prolonged time requirements in reaching tasks, was shown (Hepp-Reymond and Wiesendanger, 1972) .
Deficits seen in the grid walk paradigm in lesioned control animals may be attributable to problems with movement precision as well as disturbed coordination between both forelimbs and hindlimbs after CST lesion. This observation is supported by previous findings of persistent hypermetria in hindlimb movements after pyramidotomy (Metz et al., 1998) . mAb IN-1 treatment of lesioned animals resulted in complete recovery in this test, also indicating recovery in hindlimb movements and interlimb coordination under these conditions.
The monoclonal antibody IN-1 enhances corticorubral and corticopontine plasticity
Our results demonstrate an increase in the number of corticorubral axons originating in the area of the forelimb motor cortex crossing the midline between the ipsilateral and contralateral nucleus ruber after treatment with the mAb IN-1 and unilateral pyramidotomy. These fibers terminate in the contralateral parvocellular nucleus ruber and form bouton-like structures that suggest synaptic terminals. Some crossing fibers could be identified as collaterals of corticorubral axons with extensive ipsilateral terminations. It can be assumed, therefore, that our findings are at least in part the result of sprouting and outgrowth of collaterals to the contralateral parvocellular red nucleus from ipsilateral corticorubral axons.
Earlier studies of the corticorubral projections in the rat (Brown, 1974; Gwyn and Flumerfelt, 1974; Flumerfelt, 1980; Naus et al., 1985a,b) describe a dense, exclusively ipsilateral innervation from the primary motor cortex, restricted to the parvocellular region of the red nucleus. Our results confirm this earlier work, but we also found a very minor contralateral innervation, restricted to the parvocellular part. Such a crossed corti- corubral projection has been described for the cat (Murakami and Higashi, 1988) . A possible explanation for these differences might be the higher sensitivity and anatomical resolution of BDA tracing as compared with the Fink-Heimer's and other tracing methods used in the earlier studies.
The treatment with the mAb I N-1 also resulted in an increase in the number of fibers crossing the midline in the pons and of the density of the contralateral innervation of the basilar pontine nuclei after pyramidotomy. These new contralateral terminations were specific for the forelimb areas, thus mirroring the ipsilateral side, which receives a somatotopic projection from the motor cortex ending in a typical four columnar innervation pattern (Mihailoff et al., 1978; Wiesendanger and Wiesendanger, 1982; Rouiller et al., 1993; Panto et al., 1995) . In agreement with earlier studies, a very minor contralateral projection was also found in the normal animals. Similar to the ipsilateral corticorubral projection, the density of the ipsilateral corticopontine termination was unchanged after lesion and treatment with the IN-1 antibody.
The described corticorubral and corticopontine changes in the IN-1 antibody-treated group were found after a survival time of 2 weeks as well as after 16 weeks. Although 2 weeks after lesion the antibody-secreting hybridoma xenograph was still macroscopically observable, it could not be detected after 16 weeks (cyclosporin A withdrawal after 14 or 8 d, respectively). Qualitatively and quantitatively, the same changes could be observed after 2 and 16 weeks. The densitometric comparison of the contralateral to the ipsilateral innervation in the pons showed a twofold increase of the contralateral fiber density at 2 weeks and at 16 weeks in the I N-1 as compared with the control groups. We conclude from these findings that sprouting and plastic rearrangement of the corticof ugal connections in the ruber and basilar pontine nuclei occur fast, within 2 weeks of treatment with the IN-1 antibody, and remain stable over time also in the absence of the delivery of the antibody.
The sprouting of corticorubral and corticopontine fibers described above did not occur after the application of the mAb IN-1 to sham-lesioned animals, and no changes in any of the behavioral tasks could be observed in these animals compared with baseline values. This indicates that the presence of the I N-1 antibody alone or the local lesion created by the hybridoma transplant in the hippocampus is not sufficient, but that an additional stimulus is needed, probably in the form of the lesion of the CST. The pyramidotomy on its own, however, was also insufficient to trigger corticorubral and corticopontine plasticity, although a tendency (not significant) was observed when lesion-only animals were compared with normal rats. The I N-1 antibody thus creates conditions that allow additional factors to induce sprouting and specific plasticity.
Underlying mechanisms
After unilateral pyramidotomy in neonatal rats a similar specific corticorubral and corticopontine plasticity was seen without any further treatment (our unpublished results). When one sensorimotor cortex was removed in neonatal rats, the remaining cortex was shown to send bilateral corticofugal projections to the nucleus ruber (Leong and Lund, 1973; Nah and Leong, 1976a,b; Naus et al., 1985a,b) and the basilar pontine nuclei (Leong and Lund, 1973; Castro and Mihailoff, 1983) . Although the mechanisms underlying these findings might be different because of the unilateral deafferentation of the subcortical target regions after cortical lesions, which does not occur after pyramidotomy, the neuroanatomical results seem to be similar. Nah et al. (1980) demonstrated that these bilateral projections are newly formed after neonatal lesion and are not the result of persistent neonatal connections. All of these findings suggest the presence of signals that induce sprouting and the establishment of a bilateral, somatotopic innervation pattern.
In the CNS the capacity for plasticity and regeneration decreases during postnatal development (Kuang and Kalil, 1990; Firkins et al., 1993) , a process that coincides in time with the formation of myelin (Kapfhammer and Schwab, 1994) . The prevention of myelin formation in the spinal cord resulted in the persistence of the sprouting capacity in adult rats (Schwegler et al., 1995; Vanek et al., 1998) . The inhibitory effect of CNS myelin on fiber outgrowth, sprouting, and regeneration is caused by the presence of growth inhibitory molecules (Caroni and Schwab, 1988a; for review, see Schwab and Bartholdi, 1996) . The CNS myelin proteins N I-35 and N I-250 play an important role in the inhibitory properties of adult C NS tissue. Neutralization of these molecules with the mAb I N-1 in vitro resulted in successful fiber growth on C NS myelin and in vivo in long distance regeneration of CST axons after bilateral tract transection in adult rats Schwab, 1990, 1993; Bregman et al., 1995) . The present data show that growth permissive conditions can be created by the mAb I N-1 in the adult rat brainstem, which contains high levels of myelin in both white and gray matter.
The new sprouting observed in the present experimental paradigm is probably regulated by several factors. Some of the corticorubral and corticopontine projections are collaterals of axons projecting to the spinal cord (Ugolini and Kuypers, 1986; Akintunde and Buxton, 1992) . The transection of these axons could lead to compensatory collateral sprouting ("pruning effect") (Schneider, 1973; Devor and Schneider, 1975; Sabel and Schneider, 1988) . On the other hand, the pyramidal transection, leading to loss of cortical input to half of the spinal cord, may have induced a f unctional imbalance of the whole motor system. Activity-regulated local synthesis of chemotropic or neurotrophic factors or of other promotors of sprouting and fiber growth (for review, see Thoenen, 1995; Fagan, 1997) may have induced collateral formation from intact axons, attracted fibers across the midline, or induced terminal axon growth in target fields.
Neuroanatomical plasticity parallels functional recovery
The mAb I N-1-induced neuroanatomical plasticity occurred fast, within the first 2 weeks after lesion. These processes paralleled the functional recovery seen in mAb I N-1-treated, lesioned animals, which showed significant f unctional improvements after 2 weeks. The early time course of recovery during the first 2 weeks postoperatively could not be studied because of the daily cyclosporin A injections, the possible local effect of the hybridoma cell transplant, and its subsequent resorption and the necessary retraining phase. The newly formed neuroanatomical connections in the mAb I N-1-treated, lesioned animals were stable over time, and also the behavioral results of the mAb I N-1 treatment persisted for up to 10 weeks, the latest time point tested. In the control antibody-treated, lesioned rats, small improvements in the behavioral tasks used were seen over 4 weeks of postoperative testing; they were probably caused by a training effect and the development of compensatory mechanisms (Whishaw et al., 1993) . In the controls, however, a high degree of functional impairments persisted.
The mAb I N-1 is known to induce long-distance regeneration of lesioned C ST axons Schwab, 1990, 1993; Schnell et al., 1994) . To answer the question about whether corticofugal plasticity or regeneration of lesioned C ST fibers causes the functional improvements seen in the mAb I N-1-treated animals after pyramidotomy, a second lesion was performed rostral to the first, thus transecting possible regenerating fibers. Although some regeneration of injured C ST fibers occurred in our rats under the influence of mAb I N-1 (Raineteau, Z'Graggen, Thallmair, and Schwab, unpublished observations), relesioning of the CST in these animals did not lead to reduction of the f unctional recovery. Increased neuronal plasticity after C ST lesions and mAb IN-1 treatment was also observed in the spinal cord (Thallmair et al., 1997) . There, collaterals grew out from the intact C ST, crossed the midline, and arborized into the denervated part of the spinal cord. It is probable that other fiber systems, which have not been analyzed, also responded by changes in terminal arbors and connectivity to the induced functional imbalance caused by the lesion and the facilitation of growth provided by the presence of the mAb IN-1. Such systems could include other descending motor pathways, sensory systems, or cortical motor or sensory representations. All of them, together with the C NS plasticity described here, may be responsible for the functional recovery observed in our behavioral study.
In conclusion, this study shows that blockade of the myelinassociated neurite growth inhibitors with the mAb IN-1 after unilateral lesion of the CST in adult rats leads to new, specific, bilateral corticorubral and corticopontine projections that are stable over time. In the same animals we observed a very high degree of functional recovery in skilled forelimb reaching, rope climbing, and grid walk. These effects point to interesting future strategies in the treatment of CNS injuries.
